One new (1) and two known angular-type (2,3) furocoumarins, isoarchangelicin (1), archangelicin (2) , and 2'-angeloyl-3'-isovaleryl vaginate (3), were isolated from the roots of Angelica atropurpurea. The structure of the new compound was established on the basis of one-and two-dimensional NMR spectra and other spectroscopic studies. The inhibitory activity of these three compounds and a deacylated form of archangelicin (4) on the nuclear factor of activated T cells (NFAT) signal transduction pathway was tested by NFAT-responsive luciferase reporter gene assay in cultured cells. Although 4 did not exhibit inhibitory activity on NFAT signaling, 1-3 exhibited dose-dependent inhibition with IC 50 values of 16.5 (1), 9.0 (2), and 9.2 (3) M.
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Nuclear factor of activated T cells (NFAT) was found to be a nuclear transcription factor that promotes transcriptional activation of interleukin-2 (IL-2) expression in T cells [1a] . The immunosuppressive effectiveness of these drugs has been generally attributed to inhibition of T cell activation through wellcharacterized pathways. Specifically, CsA and FK506 bind to intracellular proteins, principally cyclophilin A and FKBP12, respectively, and thereby inhibit the calcium ion (Ca 2+ )-dependent phosphatase calcineurin [2, 3] . This leads to the increased availability of the phosphorylated form of calcineurin substrates, particularly the NFAT family, preventing translocation of NFAT to the nucleus and resulting in decreased IL-2 production and T cell activation [2, 3] .
Recently, a number of calcineurin/NFAT signal transduction inhibitors such as CsA and FK506 have been reported [4] . However, serious adverse reactions with CsA and FK506 have also been reported [5a,b] , and the design of a new drug that eliminates negative side effects is eagerly anticipated. Many of these compounds have been either microbially produced or partial structure of NFAT family peptides [4] . There are remarkably few reports regarding plant-derived NFAT signal transduction inhibitors. Therefore, we took up the challenge to screen more than 800 botanical extracts for NFAT signal transduction inhibitors. In this paper, we report the isolation and structural elucidation of three angular-type furocoumarins, one of the major forms of furocoumarin derivative, from the roots of Angelica atropurpurea and describe some of the structure-activity relationships of these compounds for the onset of NFAT signal transduction inhibitory activity. Ionomycin is a divalent anion polyether that binds Ca 2+ in a 1:1 complex and serves as an effective mobile Ca 2+ carrier. This effect is due to an increase in the Ca 2+ permeability of the membrane [6] . As noted previously, the calcineurin/NFAT signal transduction pathway depends on the concentration of intracellular Ca
2+
; we analyzed the effect of ionomycin on NFAT transcriptional activity using a luciferase reporter gene assay system. This system is focused on NFAT transcriptional activation in cultured cells. Expression of the Photinus pyralis (firefly) luciferase gene in the reporter plasmid is controlled by a synthetic promoter that contains four direct repeats of the transcription recognition sequences, i.e., (GGAGGAAAAACTGTTTCATACAGAAGGCGT) 4 , for NFAT. As a result, NFAT transcriptional activity was activated by ionomycin in a dose-dependent manner (data not shown), and we used ionomycin at a concentration of 1 M.
After screening more than 800 plant extracts, we identified one that was indicated to have an inhibitory effect on ionomycin-dependent NFAT signal activation. The plant was identified as A. atropurpurea. The North American herb A. atropurpurea is a perennial plant belonging to the Umbelliferae family and has been used in traditional medicine and food. This plant has been reported NPC Natural Product Communications 2014 Vol. 9 No. 12 1733 -1736 to contain linear-type furocoumarins such as bergapten, xanthotoxin, and imperatorin [7a] . Imperatorin has been reported to show NFAT inhibitory activity [7b]; however, due to its linear-type furocoumarin skeleton, it has also been reported to show phototoxicity, skin inflammation induced by certain chemicals with light irradiation, and excess intake is not recommended [8a] .
The extract of the dried roots of A. atropurpurea with 95% ethanol/H 2 O gave a crude material that was purified by medium pressure column chromatography on reversed-phase octadecyl silica (ODS) gels and then by preparative ODS-HPLC fractionation to yield three active compounds (1-3). Contrary to our expectation, none of the compounds was imperatorin or an analogue.
HRESIMS of 1 revealed the [M+Na]
+ ion at m/z 449.1562 corresponding to the molecular formula C 24 H 26 O 7 .
1 H and 13 C NMR data in Table 1 , and an oxygenated quaternary carbon ( C 80.3 ppm). The connectivities among these partial structures were established from HMBC spectroscopy correlations, leading to the gross structure depicted in Figure 1 , which is an angular-type furocoumarin with angeloyl and senecioyl moieties that had not been reported. The position of the angeloyl moiety on C-2', and not on C-4', was elucidated by the HMBC signal between H-2' and C-1'''. The relative stereochemistry at C-2' and C-3' was evident to be cis from the strong NOE interaction between H-2' and H-3' observed in the 1 H-1 H NOESY spectrum.
1 H and 13 C NMR data of 2 and 3 in Table 1 also showed signals characteristic of a coumarin nucleus, two oxymethine groups, a geminal dimethyl group, and an oxygenated quaternary carbon.
ESIMS revealed the [M+Na]
+ ion at m/z 449 and 451 corresponding to the molecular formula C 24 H 26 O 7 and C 24 H 28 O 7 , respectively. All these data could be assigned to the structure of archangelicin and 2'-angeloyl-3'-isovaleryl vaginate depicted in Figure 1 , an angular-type furocoumarin that has been reported in the congeneric A. archangelica [8b, 9] .
Following the structural determination of these active compounds, we analyzed the inhibitory effect of these compounds on ionomycin-dependent NFAT signal activation. These compounds exhibited dose-dependent inhibition with IC 50 values of 16.5 (1), 9.0 (2), and 9.2 (3) M (Table 3) . Archangelicin (2) and 2'-angeloyl-3'-isovaleryl vaginate (3) have been reported to be anti-tumor, antiinflammatory, and cAMP-phosphodiesterase inhibitory agents [10,11a,b] ; however, they have not been reported to be NFAT signal transduction inhibitors.
Archangelicin has two angeloyl moieties, and ammonia water easily deacylated the C-2'-connected angeloyl moiety. After purification by HPLC, the structure of 4, a deacylated form of archangelicin, was confirmed by NMR (Table 2 ) and ESIMS ( Figure 2 ).
Subsequently, we analyzed the inhibitory effect of 4 on ionomycindependent NFAT signal activation. The inhibitory activity of 4 was too weak to determine the IC 50 value (Table 3 ). These data indicated that the C-2' acyl group in archangelicin (2) was important for the onset of NFAT signal transduction inhibitory activity.
To date, angular-type furocoumarins have been mainly isolated from umbelliferous plants; there have been no reports of the use of these angular-type furocoumarins to target the NFAT signal transduction pathway. As noted previously, many calcineurin/NFAT signal transduction inhibitors such as CsA and FK506 have been microbially produced compounds. Athamantin, an angular-type furocoumarin with diisovaleroyl groups that is structurally analogous to 13 and is isolated from umbelliferous Peucedanum oreoselinum (L.) Moench, has been reported to show no phototoxicity, while linear-type furocoumarins (psoralen, bergapten, peucedanin, xanthotoxin) have exhibited phototoxic activity [11c]. This indicates that 13 could be nonphototoxic; however, this has not been confirmed. Our data indicated that A. atropurpurea, which contains angulartype furocoumarins such as isoarchangelicin (1), archangelicin (2), and 2'-angeloyl-3'-isovaleryl vaginate (3) may be a novel source of plant-derived, nonphototoxic immunosuppressive agents. Future studies will investigate the structure-activity relationships of these angular-type furocoumarins and the inhibitory mechanisms in the NFAT signal transduction pathway.
Experimental
General experimental procedures: IR and UV spectra were recorded on JASCO FT/IR-6100 (with ATR PRO410-S) and Shimadzu UV-2550 UV-visible spectrophotometers, respectively. 1 H, 13 C, and two-dimensional NMR spectra were measured on either a JEOL JNM-A500 spectrometer or a Bruker AV600 spectrometer. Positive mode ESIMS were measured on a Bruker Daltonics (Germany) Esquire 3000 Plus using a sample dissolved in EtOH with a flow rate of 4 l/min. Positive mode ESI-HRMS spectra were measured on a Thermo Fisher Scientific (MA, USA) LTQ Orbitrap Discovery mass spectrometer using a sample dissolved in acetonitrile with a flow rate of 5 L/min.
Plant material:
The roots of A. atropurpurea were purchased from American Botanicals C (IL, USA) in 2003. A voucher specimen (No. 00426) was deposited at the Biological Science Laboratories, Kao Corporation, Japan.
Extraction and isolation:
The dried roots of A. atropurpurea (160 g) were chopped into cubes (ca 5 mm) and extracted with 1600 mL of 95% ethanol/H 2 O at room temperature for 5 days. After evaporation of the collected percolate, the crude extract (14.3 g) was obtained. Then, 1.0 g of the crude extract was dissolved in 95% ethanol/H 2 O (1.0 g/7 mL). Subsequently, this extract solution (3.5 mL) was purified by preparative medium pressure reversed-phase column chromatography (ODS-A, Yamazen Corp., Osaka, Japan, 260 × 3000 mm; eluent, CH 3 CN-0.1% TFA/H 2 O from 0% to 100% in 0-120 min, 100% in 120-140 min, and 0% in 141-160 min; flow rate, 7.5 mL/min; UV detection at 254 nm), and repeated this operation 1 time to yield 11 fractions (200 mL each). All fractions were evaporated and dissolved in 50 mL (95% ethanol/H 2 O) for biological assay. The active fraction (fraction 9) was evaporated and dissolved in 95% ethanol/H 2 O (240 mg/5 mL). Subsequently, this fraction (100 L) was subjected to reversed-phase preparative HPLC (Inertsil-ODS 3, GL-Science, Tokyo, Japan, 10 × 250 mm; CH 3 CN-0.1% TFA/H 2 O 58% 0-40 min; flow rate, 10 mL/min; UV detection at 254 nm); this operation was repeated 50 times to yield 1 (18.8 mg), 2 (84.6 mg), and 3 (46.9 mg).
Synthesis of compound 4:
Ammonia water 28% (7 mL) was added to compound 2 (70 mg, 164.3 mol) dissolved in 12 mL acetone. After stirring at room temperature for 24 h, the solvent was evaporated under reduced pressure, and a yellow solid was obtained (75 mg). The main residue was purified by preparative HPLC (Inertsil-ODS 3, GL-Science, 10 × 150 mm; CH 3 CN-0.1% HCOOH/H 2 O from 20% to -50% in 0−10 min; flow rate, 6 mL/min; UV detection at 310 nm) to yield 4 (17.0 mg).
Biological assays: 293A cells purchased from ATCC were grown in DMEM supplemented with 10% fetal bovine serum and 1% Antibiotic-Antimycotic, liquid (Life Technologies, CA, USA) under an atmosphere of 5% of CO 2 at 37°C. To measure NFAT signal transduction inhibitory activity, PathDetect NFAT cis-Reporter Plasmid (pNFAT-Luc, Stratagene, CA, USA) and pRL-CMV plasmid (Promega, WI, USA) systems were used. These 2 plasmids were co-transfected into 293A cells using Lipofectamine 2000 reagent (Life Technologies) according to the instructions provided by the manufacturer. Twenty-four h after transfection, cells were treated with various concentrations of either the test samples or vehicle (ethanol) for 2 h. Then, cells were treated with ionomycin, a selective Ca 2+ ionophore, which enhances cellular NFAT signal transduction inhibitory activity. Eight h after stimulation by ionomycin, cells were subjected to luciferase reporter assay. Luciferase reporter assay was performed using a Dual-Glo Luciferase Assay System (Promega) according to the instructions provided by the manufacturer. Following luciferase assay, the concentration of each compound required to inhibit 50% NFAT signaling of the vehicle control (IC 50 ) was determined. 
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